Introduction
The coffee plant (Coffea arabica L.) is one of the most important commodities in international agricultural trade (Batista et al., 2012) . Diseases in plants play an significant role in reducing coffee production in Brazil, especially rust, caused by fungus Hemileia vastatrix Berkley & Broome, which can cause losses of between 35 and 50% (Zambolim et al., 2005; Várzea & Marques, 2005; Carré-Missio et al., 2009 ). Among the main problems caused by rust, the defoliation of leaves, which can result in the death of branches and reduce coffee production in the following harvest (Zambolim et al., 2005) .
Rust control is mainly carried out by applying fungicides and using resistant cultivars (Zambolim et al., 2005) . However, it is currently common to find H. vastatrix populations that are unresponsive to fungicides and able to suppress the resistance of rust resistant cultivars (Várzea & Marques, 2005) . Faced with these concerns, it is necessary to find alternative methods of rust control. Silicon (Si), despite not being considered an essential nutrient for plants, stands out because it reduces the intensities of diseases in various crops (Datnoff et al., 2007; Carré-Missio et al., 2014) .
One of the hypotheses for the reduction in the intensities of disease by Si is partly due to the polymerization of monosilicic acid under the cuticle forming a double cuticle-silicon layer which acts as a physical barrier that impedes or delays fungus penetration (Datnoff et al., 2007) . Another hypothesis accepted by researchers is that Si can enhance physiological and/or biochemical defense mechanisms in plants (Datnoff et al., 2007) such as increasing the concentration of phenolic compounds (Fortunato et al., 2014) , lignin and its precursors (Schurt et al., 2013) and of phytoalexins (Rodrigues et al., 2004) ; greater activity of defense enzymes such as phenylalanine ammonia-lyases, peroxidases, chitinases and β-1,3-glucanases (Tatagiba et al., 2014) as well as fast and intensive defense genes transcription (Rodrigues et al., 2005) .
Phenolic compounds, lignin and its precursors are toxic to fungal pathogens in plants (Weete, 1980) . The lignification is a biochemical process that involves two phases: biosynthesis of monolignols mediated by intrinsic enzymes and polymerization of lignin in the cellular wall through the reaction of dehydrogenative oxidation of the available monolignols (Nicholson & Hammerschmidt, 1992; Monteiro et al., 2004) . The monolignolsphenylpropanoids are the p-cumarilic (p-hydroxyphenyl lignin), coniferyl (guaiacol lignin) and sinapyl (siringyl lignin) alcohols that are considered to be majority precursors of lignin (Nicholson & Hammerschmidt, 1992; Monteiro et al., 2004) .
In vegetables, lignin is present in the cellular wall and in the middle lamella of tissues in concen-trations varying from 10 to 30 dag kg -1 (Hon & Shiraishi, 2001) . However, concentrations of lignin in tissues depend on the plant species, tissue age, and also of the organ (Hon & Shiraishi, 2001) . Moreover, different levels of lignin have been reported in plants infected with pathogens as a defense mechanism (Nicholson & Hammerschmidt, 1992) as well as plants with resistance to disease potentiated by Si (Schurt et al., 2013; Fortunato et al., 2014; Tatagiba et al., 2014) . For example, banana plants supplied with Si produced more lignin, lignin precursors and phenolic compounds in the roots reducing, therefore, the infection by Fusarium oxysporum f. sp. cubense due to strengthening of the cellular wall as well as a reduction in the diffusion of non-host selective toxins and lytic enzymes produced by the pathogen (Fortunato et al., 2014) .
This study aimed to evaluate possible alterations in the chemical composition of lignin in the leaves of coffee plants supplied with Si and inoculated with H. vastatrix. The hypothesis is that supply of Si or inoculation with H. vastatrix can increase the lignin levels in coffee leaves increasing, therefore, coffee resistance to rust.
Material and methods
Coffee seeds from the red Catauaí cultivar 44 were seeded in moistened sand and, after 60 days, the seedlings were transplanted into plastic pots containing 3.5 L of Clark (1975) nutrient solution with some modifications. The nutrient solution was composed, in mmol/L, of 5.7 N-NO3 -; 1 N-NH4 + ; 0.1 P-H2PO4 -; 2.4 K; 1.2 Ca +2 ; 0.6 Mg +2 ; 0.7 S-SO4 -2 ; and in μmol.L, 35 Fe; 0.8 Cu; 1.5 Zn; 5 Mn; 17 B; 0.1 Mo and 25 ethylenediaminetetraacetic disodium acid. The Si was supplied to the plants in the form of monosilicic acid, which was obtained from passage through a potassium silicate solution (PQ Corporation, São Paulo) using a cation exchange column (Amberlite IR-120B, H + form, Sigma-Aldrich, São Paulo) (Ma et al., 2002) . The Si doses used in the nutrient solution were 0 (-Si) and 2 (+Si) mM. The aerated nutrient solution was changed every seven days and the pH monitored every six days and kept close to 5.5.
Urediniospores of H. vastatrix were obtained from leaves showing symptoms of rust in coffee plants (cv. 44 red Catuaí) kept in a greenhouse. Before inoculation, the viability of the urediniospores was tested based on their germination in agar-water (2%). Only urediniospores with germination above 35% were used in the experiments. The abaxial face of the 2 nd pair of leaves, from the apex of seedlings grown in nutrient solution for 45 days, with or without the presence of Si, was inoculated with a suspension of urediniospores (1 mg/mL) of H. vastatrix using a Paasche (VL-SET model) atomizer (Carré-Missio et al., 2009; Honorato Júnior et al., 2015) . After inoculation, plants were transferred to a moist chamber (relative humidity > 95%, 24 ± 1 ºC) and remained in the dark for 48 h. Subsequently, plants were transferred to a growth chamber (22 ºC) until finalization of the experiment.
The severity of rust was evaluated at 10, 15, 20, 25, and 30 days after inoculation (DAI) with the help of a scale developed by Kushalappa (1978) . The severity data were used to calculate the area under the rust progress curve (AURPC) according to Shaner & Finney (1977) .
After 20 DAI, leaves from ten coffee plants were collected from each treatment. During sampling, leaves were frozen in liquid nitrogen and stored in an ultra-freezer at -80°C. The leaf samples were lyophilized, ground in a Thomas-Wiley type grinder and the fine power obtained was passed through a 40 mesh sieve. The powder obtained from each leaf sample (approximately 100 µg) was placed in platinum mortar and pyrolyzed at temperatures of 300, 400, 500, 550 and 600 ºC for 10 s. Pyrolysis analysis is a quick technique for analyzing lignified materials using only thermal energy (Schurt et al., 2013) . Thus, for pyrolysis of the coffee plant samples, a vertical micro-oven (PYR-4A Shimadzu) attached to a gas chromatograph and Pi-CG-EM (PQ5050A, Shimadzu) mass spectrometer was used. This gas chromatograph helped in separating the phenolic compounds, while the mass spectrometer detected these substances (Schurt et al., 2013) . The products from the pyrolysis were automatically injected into the chromatograph using helium as a carrier gas at a flow rate of 1 mL/min and split rate of 1/10 in a Veri-Flow 500 (Agilet) model electronic flow meter. To separate the compounds obtained, a DB-5 fused-silica capillary column (30 m × 0.25 mm in diameter × 0.25 µm of film) was used. The initial temperature of the column was 45 °C for 4 min, increasing from 45 to 240 °C at a rate of 4 °C min -1 , remaining for 10 min thereafter. The detector temperature was 250 °C and 290 °C in the CG-EM interface. The mass detector operated by ionization through the impact of electrons (70 eV) and scanning masses at an interval of m/z 40 to 400 Da. The compounds were identified via comparison of the mass spectra of the samples. The quantification of the carbohydrate and lignin derivatives were based on the peak areas obtained, where the sum corresponded to 100%. The percentage of the area of the lignin derivatives such as p-hydroxyphenyl (H), guaiacol (G) and siringyl (S) corresponded to the sum of the areas of the units of the three derivatives. The area of the total lignin derivatives was the sum of the areas of the lignin derivatives: H, G, and S. The S/G ratio was calculated as the ratio of the sums of the areas relative to the signs corresponding to the S and G structures (Schurt et al., 2013) .
At 35 DAI, five leaves from plants from replication of each treatment were collected and dried in oven at 65°C for four days until reaching constant mass. After this procedure, the leaves were ground in Wiley type grinders to determine the foliar Si con-centration according to Korndörfer et al. (2004) .
Two experiments in 2 x 2 factorial design, composed of plants non-inoculated and inoculated with H. vastatrix and non-supplied or supplied with Si, were installed in an entirely randomized design with 15 replications for each sampling time. Each replication corresponded to a plastic pot containing two coffee plants. For the pyrolyzed samples, from the 15 replications of each treatment, three pooled samples were obtained for pyrolyzation. Data from foliar Si concentration and AURPC were combined after calculating the variance homogeneity according to Cochran´s test (Gomez & Gomez, 1994) . Data for these two variables were submitted to ANOVA and the averages for the treatments were compared using Tukey´s test (P ≤ 0.05) using the SAS 9.0 program (SAS Institute Inc., Cary, NC). Data from pyrolysis analysis were quantitatively interpreted using only the data from one experiment.
Results and discussions
There was no significant difference for the foliar Si concentration and AURPC between plants non-supplied or supplied with Si (Table 1 ). The foliar Si concentration was considered low (values lower than 0.5 dag/kg) when compared to plants that accumulate this element, for example rice (values higher than 5 dag/kg) (Datnoff et al., 2007; Carré-Missio et al., 2009 . In general, coffee plants have a low efficiency in translocating Si from the roots to the shoots when grown in nutrient solution, which may influence coffee resistance to diseases (Carré-Missio et al., 2009; Rodrigues et al., 2011) . In the present study, the lower foliar Si concentration may have contributed for not having reduction in the levels of rust in plants supplied with this element. Nineteen phenolic compounds were identified after pyrolyzation of the leaves of coffee plants nonsupplied or supplied with Si and non-inoculated or inoculated with H. vastatrix (Figure 1 and Table 2 ). Analysis of these compounds allowed them to be grouped into three compounds deriving from the degradation of carbohydrates and 16 lignin derivatives. Among the 16 compounds derived from lignin, eight originated from the H precursor (monophenol, 2.5dimythylephenol, 2-ethylphenol, 3-ethylphenol, 2.5dimythyl-4-methoxyphenol, coumaric acid, 4-ethyl-2-methoxyphenol and 4-heptyl-phenol), seven from the G precursor (2-methylphenol, 4-methylphenol, guaiacol, pyrocatechol, metoxyeugenol, vanillin, and isoeugenol) and one from the S (syringol) precursor ( Figure 1 and Table 2 ). Some compounds identified in the coffee leaves did not have their origins determined due to the low resolution of their mass spectra (hydroxyacetone, pyruvic acid, toluene, phenylacetone, 2-methylindole, 3-methylindole, dodecanol, dihydrophitol, neophytadiene, and caffeine) ( Figure 1 and Table 2 ). The pyrolysis connected to the gaseous phase chromatography and to the mass spectrometry has shown itself to be a quick and highly sensitive method for characterizing lignin chemical structures (Barbosa et al., 2008; Schurt et al., 2013) . Lignin, after pyrolyzed, consists of a relatively simple mixture of phenols, which result from the separation of ether and certain carboncarbon connections (Barbosa et al., 2008; Schurt et al., 2013) . Although various authors have reported on the importance of lignin as an important defense mechanism in plants ( Rodrigues et al., 2004 Rodrigues et al., , 2005 Fortunato et al., 2014; Tatagiba et al., 2014) , few studies have studied lignin properties in host-pathogen interactions (Schurt et al., 2013) .
For plants non-supplied or supplied with Si and non-inoculated or inoculated with H. vastatrix showed values for lignin derivatives ranging from 4.8 to 6.3% of the area for the H type; from 2.8 to 3.7% for G and from 0.2 to 1.0% for S ( Table 2 ). The sum of the areas of these lignin derivatives was approximately 11% (Table 2) . Lignin is classified according to the relative quantity of H, G and S monomers in its structure (Barbosa et al., 2009 ). In pteridophyte plants, gymnosperms and angiosperms, lignins are predominated in the forms of cumarilic (formed by units of H), cumarilic-guaiacollic (formed by units of H and G) and guaiacollic-siringylic (formed by units of H and G), respectively (Monteiro et al., 2004) . However, in many angiosperms the formation of lignin involves polymerization of the three types of monomer units (Barbosa et al., 2008) . In the sheaths of rice plants non-supplied or supplied with Si and infected with Rhizoctonia solani, 23 compounds derived from lignin were identified, with eight originating from the H type, 11 from the G type and four from the S type (Schurt et al., 2013) . In the present study, the lignification mechanism in coffee leaves appears to depend on polymerization of the three majority precursors of lignin (H-G-S), both in plants non-supplied or supplied with Si and non-inoculated or inoculated with H. vastatrix.
The 4-heptyloxy-phenol and dodecanol compounds were found only in the leaves of noninoculated plants (Figure 1 and Table 2 ). In contrast, the vanillin compound was identified only in the leaves of inoculated plants (Figure 1 and Table 2 ). All of the phenolic compounds detected in the leaves of plants supplied with Si were also found in the leaves of plants non-supplied with this element (Figure 1 and Table 2 ). In the leaves of plants supplied with Si and inoculated with H. vastatrix, there was a tendency of occur higher peak values and relative area of the caffeine compound in comparison to leaves from plants non-supplied with Si ( Figure 1 and Table 2 ). Moreover, among the compounds identified through pyrolysis analysis, the caffeine was the compound detected in greater concentrations in the leaves of coffee plants regardless of Si supply and inoculation with H. vastatrix (Figure 1 and Table 2 ). The biosynthesis of lignin, lignin precursors and phenolic compounds in the plants are carried out by the phenylpropanoid pathway, being considered one of the basal or induced defense mechanisms against pathogens (Nicholson & Hammerschmidt, 1992) . The antimicrobial effect of vanillin and caffeine against pathogens has been reported as a defense mechanism in plants against pathogen infection (Nicholson & Hammerschmidt, 1992) . Maize kernels from a resistant cultivar to infection by F. graminearum had high concentrations of vanillin in contrast to kernels from a plants of susceptible cultivar (Atanasova-Penichon et al., 2012) . Moreover, it was also proven that kernels of maize plants inoculated with F. graminearum exhibited higher concentrations of vanillin in comparison to those noninoculated regardless of the cultivar used (Atanasova-Penichon et al., 2012) . In another study, mango plants with high concentrations of phenolic compounds, such as caffeine (7-metilxantine), exhibited greater resistance to Ceratocystis wilt compared with plants that had low concentrations of the compounds (Araujo et al., 2015) . In contrast, in coffee plants supplied with Si and inoculated with H. vastatrix the increase in the concentration of chlorogenic acid and caffeoyl-quinic acid in leaves was not sufficient to reduce the severity of rust (Rodrigues et al., 2011) . In the present study, despite higher concentrations of vanillin and caffeine having occurred in the leaves of plants supplied with Si and inoculated with H. vastatrix, these compounds did not contribute to greater resistance of the coffee plants to rust, in agreement with the results obtained by Rodrigues et al. (2011) .
For leaves of plants supplied with Si, regardless of inoculation with H. vastatrix, there was a tendency for the occurrence of higher values for the S/G ratio in comparison to plants non-supplied with Si (Table 3) . Generally, some vegetables that are little lignified contain mainly G in their structure with few unit of S, while the ones that are highly lignified contain proportional units of G-S in their structure (Brebu & Vasile, 2010) . It is known that Si can potentiate some biochemical mechanisms related to host defense against pathogens (Rodrigues et al., 2004 (Rodrigues et al., , 2005 Datnoff et al., 2007; Fortunato et al., 2014) . For example, rice plants supplied with Si had high foliar concentrations of total phenolic compounds and lignin derivatives of the thioglycolic acid which contributed to reduce the severity of leaf scald (Tatagiba et al., 2014) . In another study, an increase in the S/G ratio in rice plants supplied with Si was associated with greater resistance to sheath blight (Schurt et al., 2013) . The lignin and its precursors are important for plant resistance since they are toxic to pathogens and help to reinforce the cell walls (Weete, 1980; Nicholson & Hammerschmidt, 1992) . However, in the present study, despite plants supplied with Si exhibited a high S/G ratio, it was converted into greater resistance (lignification) on the leaves since there was no reduction on rust symptoms in comparison to plants non-supplied with Si. One probable explanation for this is due to the biotrophy of H. vastatrix (Zambolim et al., 2005) not giving it the ability to produce lytic enzymes and non-host selective toxins in abundance in comparison to F. oxysporum f. sp. cubense considered to be necrotrophic pathogen (Fortunato et al., 2014) . Lignin also has the ability to restrict the diffusion of lytic enzymes and non-host selective toxins produced by fungi in the cellular tissues increasing, therefore, the resistance of plants to pathogens (Fortunato et al., 2014) . This would explain, at least partly, the lower effect of lignin in coffee resistance to rust. Table 2 . Data from the pyrolytic analysis were interpreted qualitatively using only data from one experiment. 1 The peak number refers to the signs designated in Figure 1 . 2 Retention time in minutes of the compound in the column. 3 Name of the compounds: U.I. = unidentified compound; 2,5-D-M-4 = 2,5-dimethyl-4-methoxyphenol. 4 Compound origin: C = carbohydrate; LH = p-hydroxyphenyl lignin; LG = guaiacyl lignin; LS = syringyl lignin, and nd = non-determined compound. Samples of coffee leaves were collected at 20 days after inoculation with H. vastatrix. Data from the pyrolytic analysis were interpreted qualitatively using only data from one experiment. 
Conclusions
Coffee plants supplied with Si and infected with H. vastatrix exhibited high concentrations of vanillin and caffeine as well as a high S/G ratio in the leaves.
Coffee plants supplied with Si did not show an increase on their resistance to rust in comparison to non-supplied plants.
